The intracellular pathogen resistance 1 (Ipr1) gene has been reported to play a role in mediating innate immunity in a mouse model of Mycobacterium tuberculosis infection, and polymorphisms of its human ortholog, SP110 nuclear body protein, have been suggested to be associated with tuberculosis. Thus, the bovine SP110 gene was considered to be a promising candidate for a genetic association study of bovine paratuberculosis, or Johne's disease, a chronic granulomatous enteritis caused by Mycobacterium avium ssp. paratuberculosis (MAP). Initially, single nucleotide polymorphisms (SNP) within the bovine SP110 gene were identified, and subsequently a population-based genetic association study was carried out. Seventeen new SNP along the SP110 gene were identified in Holstein-Friesian cattle, and 6 more were compiled from public databases. A total of 14 SNP were included in the association study of 2 independent populations. The SNP c.587A>G was found to be significantly associated with MAP infection, with the major allele A appearing to confer greater disease susceptibility in one of the analyzed populations. In addition, 2 haplotypes containing this SNP were also found to be associated with infection in the same population. The SNP c.587A>G is a nonsynonymous mutation that causes an amino acid change in codon 196 from asparagine to serine. In silico analyses point to SNP c.587A>G as a putative causal variant for susceptibility to MAP infection. The elucidation of the precise mechanism by which this SNP can exert its effect in the protein and, as a result, in the risk of infection, requires future functional analyses. Likewise, the absence of genetic association in one of the analyzed populations renders it necessary to carry out this study in other independent populations, with the aim of substantiating the repeatability of the present results. Nevertheless, the present results deepen our understanding of the genetic basis of susceptibility and resistance mechanisms related to MAP infection in cattle and, in turn, constitute a step forward toward the implementation of marker-assisted selection in breeding programs aimed at controlling paratuberculosis.
ABSTRACT
The intracellular pathogen resistance 1 (Ipr1) gene has been reported to play a role in mediating innate immunity in a mouse model of Mycobacterium tuberculosis infection, and polymorphisms of its human ortholog, SP110 nuclear body protein, have been suggested to be associated with tuberculosis. Thus, the bovine SP110 gene was considered to be a promising candidate for a genetic association study of bovine paratuberculosis, or Johne's disease, a chronic granulomatous enteritis caused by Mycobacterium avium ssp. paratuberculosis (MAP). Initially, single nucleotide polymorphisms (SNP) within the bovine SP110 gene were identified, and subsequently a population-based genetic association study was carried out. Seventeen new SNP along the SP110 gene were identified in Holstein-Friesian cattle, and 6 more were compiled from public databases. A total of 14 SNP were included in the association study of 2 independent populations. The SNP c.587A>G was found to be significantly associated with MAP infection, with the major allele A appearing to confer greater disease susceptibility in one of the analyzed populations. In addition, 2 haplotypes containing this SNP were also found to be associated with infection in the same population. The SNP c.587A>G is a nonsynonymous mutation that causes an amino acid change in codon 196 from asparagine to serine. In silico analyses point to SNP c.587A>G as a putative causal variant for susceptibility to MAP infection. The elucidation of the precise mechanism by which this SNP can exert its effect in the protein and, as a result, in the risk of infection, requires future functional analyses. Likewise, the absence of genetic association in
INTRODUCTION
The potential of marker-assisted selection to enhance resistance to infectious diseases in dairy cattle has been the motivation behind numerous studies aimed at identifying genes that confer susceptibility to this kind of disease (Schulman et al., 2004; Sharma et al., 2006; Juliarena et al., 2008) . This is also the case with studies related to bovine paratuberculosis, or Johne's disease, a chronic granulomatous enteritis caused by Mycobacterium avium ssp. paratuberculosis (MAP), which has a profound economic effect on the dairy industry. Recently, different innate immune genes such as solute carrier family 11 member 1 (SLC11A1), nucleotide-binding oligomerization domain 2 (NOD2), toll-like receptor 1 (TLR1), toll-like receptor 2 (TLR2), and toll-like receptor 4 (TLR4) have been found to be associated with susceptibility and resistance to MAP infection (Koets et al., 2010; Mucha et al., 2009; Pinedo et al., 2009a,b; Ruiz-Larrañaga et al., 2010a,b) . Nevertheless, similar other complex diseases, paratuberculosis is thought to be a polygenic disease, i.e., controlled by a large number of genes that interact with one another and with environmental factors. Thus, the identification of new susceptibility genes will increase our understanding of the molecular basis of susceptibility and resistance to MAP infection; the candidate gene approach is a powerful method to achieve this goal.
The intracellular pathogen resistance 1 (Ipr1) gene is involved in triggering innate immune responses to multiple intracellular pathogens. In a murine model of Mycobacterium tuberculosis infection, Ipr1 expression was upregulated in murine macrophages resistant to M. tuberculosis but was absent in susceptible ones; moreover, expression of an Ipr1 transgene construct in macrophages from susceptible animals resulted in the control of mycobacterial replication and eventually induced the death of infected cells (Pan et al., 2005) . Thus, Ipr1 appears to play an important role in the control of M. tuberculosis within host macrophages. The human Ipr1 protein ortholog, SP110 nuclear body protein (SP110), has been identified as a complement of the nuclear body multiprotein complex, and although its function is not well understood, it is thought to play a role in the differentiation of myeloid cells and also act as a transcriptional coactivator (Bloch et al., 2000) . Three SNP polymorphisms of the SP110 gene have been found to be associated with tuberculosis susceptibility in humans (Tosh et al., 2006) . For these reasons, the bovine SP110 gene, localized on BTA2, was selected as a promising candidate gene for MAP infection susceptibility in cattle. To date, no studies of the bovine SP110 gene have been completed, and polymorphisms of this gene have only rarely been reported in SNP databases. Therefore, this work was undertaken with a double objective: first, to extensively characterize the variability of the bovine SP110 gene in the European HolsteinFriesian (HF) breed by means of the identification of new SNP along the gene locus including exons, introns, untranslated regions, and a part of the promoter, and second, to perform a population-based genetic association study to test the putative relation between these SNP and MAP infection.
MATERIALS AND METHODS

SNP Discovery and Selection
A comparative sequencing strategy of 30 HF animals was followed for the detection of new SNP in the bovine SP110 gene. Thirteen fragments were amplified and sequenced, which harbored 13 of the 16 exons that make up the gene, their adjacent intronic regions, untranslated regions, and 300 bp from the promoter of the gene likely to contain regulatory elements. Primers for amplification and sequencing (supplemental Table S1 , www.journalofdairyscience.org/) were designed based on the SP110 genomic DNA sequence from the NCBI Gene database using the Primer3 program (http://frodo.wi.mit.edu/primer3/). Conventional or touchdown PCR was carried out using a GeneAmp 9700 PCR System (Applied Biosystems, Foster City, CA) with 10 to 15 ng of genomic DNA as a template in a final volume of 25 μL. Sequencing reactions were performed using BigDyeR Terminator 3.1 Cycle Sequencing Kit chemistry and resolved with capillary electrophoresis on the Genetic Analyzer 3130xl sequencer (Applied Biosystems). The SNP were identified by alignment of the sequences obtained from each individual and their comparison with the LOC515204 reference sequence from the NCBI database, using SeqScape 2.5 software (Applied Biosystems). Detected SNP were designated according to the nomenclature for the description of sequence variations by the Human Genome Variation Society (http://www.hgvs.org/mutnomen/).
As a complementary strategy for SNP discovery, polymorphisms in the bovine SP110 gene that were found in NCBI dbSNP, Ensembl, and IBISS (Hawken et al., 2004) 
Population-Based Genetic Association Analysis
The population for the genetic association study was made up of 766 HF adult cows (older than 2 yr) from 2 independent subpopulations. Cases and controls were identified from a Spanish population of 355 HF animals belonging to 30 herds (HFS). All these samples were received at the Neiker-Teknalia technological center (Derio, Spain) for confirmation of a clinical suspicion of paratuberculosis in the herd and had no further followup. Animals were classified as infected (cases) if they tested positive in fecal culture or blood serum ELISA tests; in a total of 122 cases, 95 animals were ELISA positive, 10 animals were culture positive, and 17 animals were positive for both diagnostic tests. Animals with negative results for both tests were considered healthy (controls; n = 233). Independently, cases and controls were identified in a cohort of 411 HF animals from 8 Dutch dairy farms (HFN). These animals were sampled on at least 4 occasions, and fecal culture and blood serum ELISA tests were performed. A case was defined as having at least one fecal culture positive test result (n = 182). Of these infected animals, 46 were positive for both tests. Animals tested at least 4 times that were negative to all tests were considered controls (n = 229). A description of the diagnostic tests employed is reported elsewhere (Ruiz-Larrañaga et al., 2010a) .
All herds of origin of the animals had been exposed to the mycobacteria, and the average infection prevalence was 6% in Spain and 32.2% in the Netherlands. This study was carried out on the assumption that MAP is widespread in European ruminant populations and that, once MAP infection is present in a herd, all animals are potentially exposed to it. To test for population stratification, 17 neutral microsatellites were genotyped in 100 unrelated cows, 50 from each subpopulation (25 infected and 25 healthy). Comparison of allelic frequencies between infected and healthy subgroups did not indicate any potential stratification for bias association analyses in both HFS and HFN subpopulations (all Pvalues were above 0.003, after Bonferroni correction).
Deoxyribonucleic acid was extracted from blood samples using a QIAamp Mini Kit (Qiagen, Hilden, Germany). Genotyping of selected bovine SP110 SNP was performed by TaqManOpenArray technology (Applied Biosystems). For each array, 2 negative controls and a duplicated sample, as a positive control, were included. Alleles of individuals for each SNP were assigned using BioTrove OpenArray SNP Genotyping Analysis software 1.0.3 (Applied Biosystems). The SNP were checked by Haploview v4.1 statistical software (Barrett et al., 2005 ; http://www.broadinstitute. org/mpg/haploview) for 2 quality control parameters: call rate (minimum of 75% required) and conformity of genotype proportions to Hardy-Weinberg equilibrium in healthy individuals. Individual animals with low call rates (<50%) were excluded from the subsequent association analyses.
The latter software was also used to establish linkage disequilibrium for each SNP pair by r 2 and D′ parameters, to plot haplotype block structure by the confidence intervals method (Gabriel et al., 2002) , and to calculate P-values for allelic and haplotype associations, comparing frequencies in infected versus healthy individuals. Analysis of the genotypic association was carried out using the SNPassoc library (González et al., 2007 ) from R v2.10.1 software (R Development Core Team, 2008) . R software offers the possibility to perform the statistical test for minor alleles under 5 different genetic models simultaneously: codominant, dominant, recessive, overdominant, and log-additive. Odds ratios and P-values for the likelihood ratio test of association were calculated for these genetic models. Results of genotypic association were also adjusted by herd with a view of considering its possible effect in the analyses. To correct for the occurrence of false positives (type I error), permutation procedures were performed in all association analyses (1,000,000 permutations). The permutation test corrects for multiple testing, resampling N times the total number of observations in a population, to build an empirical estimate of the null distribution from which the test statistic has been drawn. This approach takes into account the correlation between markers. Permutation correction is thus less conservative than the Bonferroni correction, but it is appropriate for independent tests with multiple markers (Camargo et al., 2008) . Genetic differentiation analyses were performed with the GENEPOP v4.0 package (Rousset, 2008) to test for differences in allele frequencies of analyzed SNP between HFS and HFN subpopulations.
In Silico Study of the Associated SNP
Alignments of the predicted mRNA and protein sequences corresponding to the bovine SP110 gene with the orthologous sequences in human (Homo sapiens), chimpanzee (Pan troglodytes), mouse (Mus musculus), rat (Rattus norvegicus), and horse (Equus caballus) were performed with the ClustalW Multiple Alignment option from the BioEdit Sequence Alignment Editor (http://www.mbio.ncsu.edu/BioEdit/BioEdit.html) and MULTALIN software (Corpet, 1988) , respectively. The ELM server (http://elm.eu.org/) was used to predict putative functional sites in the amino acid sequence of the SP110 protein. JUFO software (http://www. meilerlab.org/web/view.php) was applied to predict changes in the secondary structure of the protein.
RESULTS
SNP Discovery and Selection
Genomic DNA samples from 30 HF cattle were screened for SNP polymorphisms in the SP110 gene by comparative sequencing. From 13 amplified fragments, whose lengths ranged from 423 to 763 bp, with an average of 604 bp, 7,857 bp of the 51,142 bp of the gene were sequenced. This comparative sequence analysis revealed 18 SNP in the HF breed. Of these, 17 were novel, being described for the first time in the Bos taurus species, whereas the other corresponded to the rs41256732 SNP from the NCBI dbSNP database (supplemental Table S2 , www.journalofdairyscience.org/). The SNP c.587A>G and c.1769C>T (rs41256732) were nonsynonymous SNP located in exon 5 and exon 14, respectively. These SNP lead to an Asn→Ser amino acid change at codon 196 (p.Asn196Ser) and a Pro→Leu change at position 590 (p.Pro590Leu), respectively. The other 16 SNP were intronic, with 9 of them being transitions and 7 being transversions. The SNP were not found in the promoter or untranslated regions.
From the NCBI dbSNP and IBISS databases, 5 additional SNP were annotated (supplemental Table S2 ). These SNP were localized outside the amplified frag- (Figure 1 ). All the newly identified SNP were submitted to GenBank under accession numbers ss184956656 to ss184956675.
SNP Genotyping
A total of 14 SNP were included in the genotyping of 766 HF cattle (supplemental Table S3 , www. journalofdairyscience.org/). All of these SNP were successfully genotyped on 90% or more of the samples and found in Hardy-Weinberg equilibrium in both the Spanish and the Dutch control subgroups (P > 0.001). Because of their low call rate (<50%), 31 individuals were excluded from genetic association analyses. The SNP c.1557+860A>C (rs43322128) was found to be monomorphic in HFS and HFN populations. Among the polymorphic SNP, c.1782+72C>T and SNP c.-1974C>T had a minor allele frequency <0.05 in HFS and HFN, and in HFN, respectively.
Genetic Association Analyses
The exonic SNP c.587A>G in HFS was found to be genetically associated with MAP infection (corrected P = 2 × 10 −4 , Table 1); its major A allele occurred at a significantly greater frequency in infected animals than in healthy ones. Genotypic association analysis for SNP c.587A>G in this subpopulation, adjusted by herd, resulted in the greatest significance value for the additive model of alleles (P < 0.008 after correction by 1,000,000 permutations). The minor G allele reduced the risk of MAP infection with a per-allele odds ratio of 0.36 (95% CI = 0.22-0.59). In HFN, no SNP was found to be significantly associated with infection, although alleles from SNP c.587A>G showed the same tendency as in HFS (nominal P = 0.031, Table 1 ).
Linkage disequilibrium analyses between each SNP pair in the SP110 gene defined the same distribution of haplotype blocks in both HFS and HFN (Figure 2 ). The first haplotype block included SNP c.575-88T>G, together with c.587A>G (D′ = 1.000 and r 2 = 0.111 in HFS; D′ = 1.000 and r 2 = 0.172 in HFN), for which 3 haplotypes, TA, GA, and TG, were detected in both HF populations (Table 2) the first block was significantly more frequent in infected animals (corrected P = 0.002; Table 2 ). Accordingly, the unique haplotype with the protective G allele (TG) was significantly associated with lesser infection susceptibility (corrected P = 3 × 10 −4 ). No significant genetic association was detected between haplotypes and MAP infection in HFN (Table 2) ; the risk haplotype TA maintained the same trend observed in HFS, although in HFN, it did not reach significance. The TG haplotype exhibited a very similar frequency in healthy and infected animals in the HFN population.
Allelic frequencies for SP110 were significantly different in HFS and HFN (P < 0.001, after Bonferroni correction). Thus, formally, 2 populations cannot be grouped. Nevertheless, it is important to point out that when all HF individuals were considered together, the analyzed SNP continued to be in Hardy-Weinberg equilibrium for the resulting control population. Moreover, genetic association analysis continued to show significant values for both the c.587A>G SNP (corrected P = 0.0017) and the protective TG haplotype (corrected P = 0.0015).
In Silico Study of the c.587A>G Polymorphism
The SNP c.587A>G is located in exon 5 and is a nonsynonymous SNP that leads to an amino acid change from asparagine to serine at codon 196 (p.Asn196Ser). Alignment of the coding sequences of the SP110 gene from 6 mammals (human, chimpanzee, horse, cow, mouse, and rat) showed that the A allele is well conserved among these species (results not shown). However, alignment of the corresponding protein sequences with MULTALIN software revealed that asparagine is not a conserved residue at this position due to variations in the other 2 nucleotides that make up the codon corresponding to asparagine. Amino acid sequence analysis with ELM showed several functional sites harboring the Asn amino acid at position 196. Of these, the only functional motif that disappears when the Asn to Ser change occurs at position 196 is the N-glycosylation site between the amino acids 195 and 200. Regarding protein structure, no changes in the secondary structure of the SP110 protein associated with the p.Asn196Ser mutation were predicted by JUFO software, because both amino acids were predicted to form a loop.
DISCUSSION
The present work constitutes the first characterization of SP110 gene variability in Bos taurus. This gene was screened in 30 HF animals, and 17 new SNP were detected by comparative sequencing. With the complementary strategy of SNP annotation from databases, a total of 23 SNP were compiled. Of these, 14 were genotyped in 2 HF populations, and 11 of them turned out to be common SNP. The SNP in the latter set form 2 differentiated haplotype blocks along the SP110 gene. In one block, c.575-88T>G and c.587A>G are in linkage disequilibrium, constituting a block that covers a small region between intron 4 and exon 5 and for which 3 haplotypes were observed in HFS and HFN. The other block is made up of 9 SNP and includes the region of the gene situated between introns 11 and 14. In this block, 9 haplotypes were found, with the 3 most frequent haplotypes being common to both the HFS and the HFN subpopulations. The second aim of this work was to perform a population-based genetic association study between those genetic polymorphisms and susceptibility to MAP infection. Our results support the hypothesis that the SP110 gene is involved in susceptibility to MAP infection in HF cattle. The major allele A of the nonsynonymous SNP c.587A>G appears to be significantly associated with a greater risk of MAP infection in one of the analyzed subpopulations (HFS). This would suggest a possible protective effect of the minor allele G. Indeed, the genotypic association test pointed to an additive effect for this allele, because increasing the number of G alleles leads to the greatest protection in homozygous GG. In addition, haplotype analyses for SNP c.575-88T>G and the linked c.587A>G point to TA as being a risk haplotype and reveal a protective effect for the TG haplotype, the only haplotype that bears the G allele of the c.587A>G SNP.
In HFN, the same tendency was observed regarding SNP c.587A>G, but it was not statistically significant. This may be due to the existence of a different genetic background in the analyzed populations, especially taking into account that HFS and HFN subpopulations share the same linkage disequilibrium pattern, but in HFN the frequency of SNP is greater and the sample size is larger. This differential genetic background could be in part related to the use of genetically distinct sires. In any event, the absence of genetic association in the Information regarding polymorphisms in genes that are orthologs of the bovine SP110 gene and their effects in the corresponding proteins is very scarce. Indeed, the possible association between SP110 gene polymorphisms and mycobacterial infections has been studied only in the human species. Tosh et al. (2006) detected 3 SNP associated with susceptibility to tuberculosis in West Africa populations; 2 of these were intronic and the third was a nonsynonymous SNP localized in exon 11. As in the present study, this coding SNP was not localized to any of the principal domains of the SP110 protein, and the authors did not establish a possible functional effect of this SNP, suggesting possible linkage disequilibrium between this SNP and the real causal variant. In any event, remember that the results reported by Tosh et al. (2006) have not been confirmed in subsequent studies (Thye et al., 2006; Babb et al., 2007; Szeszko et al., 2007) .
Returning to the results of the present study, the coding SNP c.587A>G, associated with susceptibility, is located in exon 5 of the bovine SP110 gene, corresponding to a region between the Sp100 and SAND domains. The function of these domains is not entirely clear, although the Sp100 domain has been reported as a potential mediator of homodimer formation (Seeler et al., 1998) and the chromatin-binding SAND domain is most likely involved in transcriptional regulation (Bottomley et al., 2001) . The A to G nucleotide mutation results in an amino acid change in the codon 196 position of the predicted protein (p.Asn196Ser). The A allele, associated in the present study with susceptibility to MAP infection, results in an asparagine (AAC codon), whereas the protective G allele results in a serine (AGC codon). The paucity of information regarding this gene in other mammalian species substantially limits in silico analysis. Nevertheless, sequence alignment analysis suggests that the A allele is a conserved nucleotide, although at the protein level, Bos taurus and Equus caballus are the only species that present an asparagine in this position, indicating that the asparagine amino acid at position 196 is not a conserved residue. On the other hand, both asparagine and serine amino acids were predicted to form a loop in the secondary structure of the SP110 protein, implying that the SNP c.587A>G would not involve changes at this level. However, a potential Nglycosylation site involving asparagine at position 196 was found, which would be disrupted by the presence of a serine at the same position. Asparagine glycosylation is a common posttranslational modification implicated in different cellular processes, such as protein folding, protein secretion, intracellular trafficking, and cell communication (Skropeta, 2009) , and researchers have reported that mutations in these functional sites can have a direct effect on the stability, assembly, and function of the affected proteins (Ramanathan and Hall, 1999; Li and Pajor, 2003; Meng et al., 2007) . On the basis of the present results, it is conceivable that the disruption of the putative N-glycosylation site in the bovine SP110 protein could modify, in some way, its transcriptional coactivator function and, consequently, alter the fate of MAP in macrophages.
CONCLUSIONS
Results obtained substantiate the hypothesis that variants of bovine SP110, in combination with other risk alleles from different genes and interacting with environmental factors, contribute to the outcome of MAP infection in cattle. The SNP c.587A>G in exon 5 showed a significant association with susceptibility to MAP infection. Functional analyses will be required to understand the exact mechanism by which this polymorphism controls MAP within the macrophage; however, a modification of an N-glycosylation site caused by this SNP has been predicted, which a priori, could influence protein function. Even so, the possible functionality of those intronic SNP that could not be genotyped cannot be ruled out. Furthermore, other significant causal variants could be localized in some of the regions of the SP110 gene that have not yet been sequenced. The reporting of new SNP and analysis of their putative association with MAP infection could shed more light on this matter. Despite the necessity of repeating this investigation in other independent studies, the identification of the bovine SP110 gene as a susceptibility gene for Johne's disease, one of the most important diseases in dairy cattle industry, deepens our understanding of the molecular basis of this disease and constitutes a further step toward the implementation of marker-assisted selection in breeding programs aimed at controlling paratuberculosis.
